Responses of summer [June-August (JJA)] temperature and precipitation to large volcanic eruptions are analyzed using the millennial simulations of the earth system model developed at the Max Planck Institute for Meteorology. The model was driven by up-to-date reconstructions of external forcing, including natural forcing (solar and volcanic) and anthropogenic forcing (land-cover change and greenhouse gases). Cooling anomalies after large volcanic eruptions are seen on a nearly global scale. The cooling in the Northern Hemisphere (NH) is stronger than in the Southern Hemisphere (SH), and cooling is stronger over the continents than over the oceans. The precipitation decreases in the tropical and subtropical regions in the first summer after large volcanic eruptions. The cooling, with amplitudes of up to 20.68C, is also seen over eastern China. East Asia is dominated by northerly wind anomalies, and the corresponding summer rainfall exhibits a coherent reduction over the entirety of eastern China. The tropospheric mean temperature anomalies indicate that there is coherent cooling over East Asia and the tropical ocean after large volcanic eruptions. The cooling over the middle-to-high latitudes of East Asia is stronger than over the tropical ocean. This temperature anomaly pattern suggests a reduced land-sea thermal contrast and favors a weaker East Asian summer monsoon (EASM) circulation. Analysis of the radiative fluxes at the top of the atmosphere (TOA) suggests that the reduction in shortwave radiation after large volcanic eruptions is nearly twice as large as the reduction in emitted longwave radiation, a net loss of radiative energy that cools the surface and lower troposphere.
Introduction
Volcanic eruptions provide a valuable opportunity to observe the climate system's response to the presence of an external radiative forcing (Hansen et al. 1992; Kirchner et al. 1999; Robock 2000) . Strong volcanic eruptions inject large amounts of sulfur dioxide into the lower stratosphere and form aerosol particles. Winds rapidly disperse the particles throughout the lower stratosphere, resulting in a near-global perturbation to the radiative energy balance. Since the scattering of incoming solar radiation by aerosol particles produces an increase of the fraction of solar radiation scattered back to space and, hence, a decrease of the fraction reaching Earth's surface (Dutton and Christy 1992; Crowley et al. 1993) , the net radiative effect of the volcanic aerosols is to cool the planet. The eruption of Mount Pinatubo in the Philippines in June 1991 resulted in a significant decrease in solar heating due to the stratospheric aerosol particles (Stowe et al. 1992; Trepte et al. 1993; Minnis et al. 1993) , which led to a global cooling of the lower troposphere (Robock and Mao 1992) .
Previous studies have detected the influence of volcanic forcing on temperature on a global scale (Mitchell et al. 2001) . However, precipitation changes are likely to have more direct impacts on society and the environment. Thus, whether there has been a detectable influence of volcanic forcing on precipitation should receive more attention. Allen and Ingram (2002) demonstrated that the influence of external forcing was detectable in terrestrial precipitation. Lambert et al. (2004) attribute the response of land precipitation to changes in shortwave forcing rather than to longwave forcing. Broccoli et al. (2003) found that simulations of the Geophysical Fluid Dynamics Laboratory (GFDL) coupled model forced with greenhouse gas changes only were unable to reproduce observed precipitation trends, but in simulations including volcanic aerosol, they found a decrease in precipitation following the Pinatubo eruption similar to that observed. A detection and attribution analysis applied to the precipitation also indicated that the volcanic signal was detectable by regressing the observed precipitation against only the volcanic forcing and in a multiple regression with other forcings (Gillett et al. 2004) . These results are consistent with the hypothesis that shortwave forcings exert a larger influence on precipitation than do longwave forcings. Trenberth and Dai (2007) examined the hydrological cycle for the effects of volcanic eruptions from El Chichón in March 1982 and Pinatubo in June 1991, taking into account changes from the El Niño-Southern Oscillation (ENSO). Following the eruption of Mount Pinatubo in June 1991, there was a substantial decrease in precipitation over land and a record decrease in runoff and river discharge into the ocean. A number of authors also looked at the monsoon impacts from volcanic eruptions, and these studies indicated that volcanic eruptions could weaken the summer monsoon circulations, including the African, Indian, and Asian monsoon systems (Graf 1992; Oman et al. 2006; Peng et al. 2010) . Several state-of-the-art general circulation model (GCM) simulations (Oman et al. 2005; Schneider et al. 2009; Fan et al. 2009 ) predict drought conditions over monsoon Asia in response to large tropical and extratropical eruptions. Anchukaitis et al. (2010) examined the influence of major volcanic eruptions on the climate of Asia by using the proxy drought reconstructions and revealed significantly wetter conditions over mainland Southeast Asia in the year of an eruption, with drier conditions in central Asia. The proxy and model comparison suggested that GCMs may not capture all of the important ocean-atmosphere dynamics responsible for the influence of explosive volcanism on the climate of Asia.
The summer precipitation of eastern China is also affected by volcanic forcing (Zhang and Zhang 1994; Gong and Wang 2000; Bradbury 2006; Shen et al. 2007 Shen et al. , 2008 . Based on the data network of the dryness/wetness index (DWI) over eastern China, Shen et al. (2008) showed that the high occurrence frequency of anomalous precipitation events mainly occurred at periods of high solar forcing, active volcanic eruption, and large anthropogenic forcing. Coherence (coherent floods/ droughts) and dipole were the two dominant modes in spatial patterns of anomalous precipitation events. The results further indicated that the dominant spatial patterns of anomalous precipitation events associated with large low-latitude volcanic eruptions were coherent droughts. Previous studies also indicated that volcanic eruptions could cause cool summers (Robock and Mao 1992) and more snow cover on the Eurasian continent (Robock 2002) , weakening the strength of the summer monsoon (Hahn and Shukla 1976; Tao et al. 1988; Liu and Yanai 2002; Fasullo 2004) . Lower temperatures in summer may enhance the high ridge or blocking situation over eastern Siberia, which makes the subtropical high shift farther south (Ding 1992) . Xu (1986) investigated the impacts of three colossal volcanic eruptions on summer rainfall in China. He found that significant reductions of shortwave radiation occurred in the summers of 1965 , 1975 , and 1980 over eastern China, when northern China experienced moderate (1975 to severe droughts (1965 and 1980) . He attributed this anomalous summer rainfall to the southward shift of the subtropical high and the monsoon rainfall belt due to the anomalous decline of shortwave radiation.
Climate models are useful tools in understanding the climate effects of volcanism during the last millennium. In earlier studies, the effect of volcanism was simply applied as the reduction of global solar irradiance (Peng et al. 2010) . The seasonal and latitudinal dependence of volcanic aerosol, as well as the stratospheric warming by volcanic eruptions, were not taken into account. However, the climatic processes of volcanic eruptions are much more complicated than in the earlier treatments, which simply implemented the effect of volcanic eruption as a negative deviation from the solar radiation. Thus, the simulations driven by the monthly and latitudinally varying volcanic aerosol dataset were conducted for a more realistic understanding of the effects of volcanic aerosol on global climate during the last millennium (Ammann et al. 2007; Jungclaus et al. 2010; Schmidt et al. 2014; Phipps et al. 2012; Landrum et al. 2013 ). The present study aims to examine the responses of the global summer [June-August (JJA)] climate and East Asian summer monsoon (EASM) to large volcanic eruptions during the last millennium by analyzing the ensemble climate simulations carried out with the comprehensive Max Planck Institute (MPI) Earth System Model (MPI-ESM; Jungclaus et al. 2010) . It should be made clear that these are not new simulations carried out with the existing model. The centennial-scale variations of the EASM and the associated rainfall patterns during the last millennium have been analyzed using these simulations (Man et al. 2012) . The MPI-ESM has also been applied successfully for volcano studies (Timmreck et al. 2009 (Timmreck et al. , 2010 , as well as in studies of the decadal climate response to large tropical volcanic eruptions (Zanchettin et al. 2012 (Zanchettin et al. , 2013 , and the impacts and cooperative effects of volcanic eruptions and ENSO (Zhang et al. 2013) . The main motivation of this study is to answer the following questions: 1) What is the level of consistency between the simulated and observed summer temperature and precipitation responses to three large volcanic eruptions (Agung in 1963 , El Chichón in 1982 , and Mount Pinatubo in 1991 ? 2) What are the simulated responses of global summer temperature and precipitation to large volcanic eruptions during the last millennium? 3) What are the simulated responses of EASM to large volcanic eruptions during the last millennium, and does the reasonable treatment of the seasonal and latitudinal dependence of volcanic aerosol in MPI-ESM result in a different response of EASM in comparison with previous studies? 4) What is the dominant reason for the simulated monsoon and precipitation changes over East Asia after large volcanic eruptions?
The remainder of the paper is organized as follows. Section 2 provides a description of the model and the experimental design, as well as the details of external forcings used in the simulations. Section 3 presents the results. The conclusions are given in section 4.
Model and data description a. Model description
The experiments have been performed with the MPI-ESM . The model consists of the atmospheric general circulation model ECHAM5 (Roeckner et al. 2003) , the MPI Ocean Model (MPI-OM; Marsland et al. 2003 (Hibler 1979) . Ocean and atmosphere are coupled daily without flux corrections using the Ocean Atmosphere Sea Ice Soil, version 3 (OASIS3) coupler (Valcke et al. 2003) .
b. Forcing data
The simulations include the following climate forcing: the solar irradiance that exhibits a total increase of 0.1% (;1.3 W m
22
) from the Maunder Minimum (AD 1647-1715) to today (Vieira et al. 2011) ; the volcanic forcing that is calculated online using a time series of aerosol optical depth and of the effective radius (Crowley et al. 2008; Timmreck et al. 2009 ); and the anthropogenic land cover change that is considered by applying the reconstruction of global agricultural areas and land cover (Pongratz et al. 2008) . The CO 2 concentration is calculated interactively within the model, while the concentrations of methane (CH 4 ) and nitrous oxide (N 2 O) are prescribed (Macfarling Meure et al. 2006) . The orbital forcing and anthropogenic tropospheric sulfate aerosols are also included in the ensemble experiments [see Jungclaus et al. (2010) for details]. Starting from different ocean initial conditions, a five-member ensemble with the standard external forcing spanning the years AD 800-2005 was conducted using the MPI-ESM. The ensemble mean of the five realizations is used in the following analysis.
c. Analysis method
The volcanic forcing is represented in terms of the aerosol optical depth and the effective radius distribution (Crowley et al. 2008 ). In the simulation, this forcing is resolved in four latitude bands (308-908N, 08-308N, 08-308S, and 308-908S) with a temporal resolution of 10 days ). In the annual forcing series, large volcanic eruptions are defined as those with the strongest reduction in net top solar radiation of 2 W m 22 or more [for details, see Zhang et al. (2013) et al. (2010) , the year with the largest reduction in irradiance is defined as the volcanic eruption year. However, the model may have a delayed response to the event year because of the aerosol layer accumulation, which could lead to a discrepancy between the historic and simulated eruption years. In previous studies (Adams et al. 2003; Shen et al. 2008; Peng et al. 2010) , the anomalies were calculated relative to the five prevolcanic eruption, eruption, and five postvolcanic eruption years that included the event year and the years after the eruption in the climatology. However, in doing this, at least 3 of the 11 climatological years (years 0, 1, and 2) have significant volcanic-induced signals. This has multiple ramifications, including decreasing the mean temperature and precipitation of the climatology and increasing the standard deviation of the climatology. Thus, in the following discussions, the climatology is calculated by taking the prior five years, skipping the volcanic eruption year and two years after, and then using the next five years.
d. Reanalysis data
The datasets used for validation of the model performance are as follows:
1) The Goddard Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP) dataset derived from the adjusted Global Historical Climatology Network (GHCN), version 3, data for the period since 1880 on a 2.08 3 2.08 grid (Hansen et al. 2010) ; 2) The Precipitation Reconstruction Dataset (PREC) from the National Oceanic and Atmospheric Administration (NOAA) for the period of 1948-2005 on a 2.58 3 2.58 grid (Chen et al. 2002) .
3) The 753-station temperature and precipitation dataset for the period of 1958-2005 from the China Meteorological Administration (CMA).
Results
First, we present the global surface air temperature (SAT) and rainfall distribution in the first summer after three large volcanic eruptions (Agung in 1963 , El Chichón in 1982 , and Mount Pinatubo in 1991 based on the observational dataset for model validation. Then, we focus on the global summer climate and the monsoonal circulation and precipitation changes after large volcanic eruptions during the last millennium. Finally, we try to attribute the underlying causes of the EASM responses to large volcanic eruptions from the perspective of landsea thermal contrast.
a. Temperature and precipitation responses for the observed cases
The observed and simulated patterns of SAT anomalies in the first summer after the Agung, El Chichón, and Mount Pinatubo eruptions are shown in Fig. 1 . The observations show a general cooling with a magnitude of about 20.48C over the landmasses in the Northern Hemisphere (NH) in the first summer after the Agung eruption, except for parts of western and northern Europe and southern North America (Fig. 1a) . The cooling in the Southern Hemisphere (SH) is significant over southern Africa and east of South America. The model reproduces the overall summer cooling pattern after the Agung eruption (Fig. 1b) . The observed significant cooling anomalies over southern Africa and South America are reasonably reproduced in the model. The model simulates significant cooling anomalies in Australia, which is opposite of the observational data. The simulated cooling anomalies in the SH are more significant than those in the NH, which indicates that the Agung aerosols largely impact the SH, with less impact in the NH. The aerosol loading also suggests that a larger part of aerosols locate in the SH (especially in 208-608S) in the first summer after the Agung eruption. The summer cooling after the 1982 El Chichón eruption is not as evident as the cooling after the Agung eruption in both the observations and the simulation (Figs. 1c,d) . The observation shows an overall cooling with an amplitude of about 20.68C in the first summer after the Pinatubo eruption (Fig. 1e ). There is a significant warming in the eastern tropical Pacific Ocean, and this year also corresponds to a persistent El Niño. The warming is not reproduced by the model, which instead shows a significant cooling pattern over this region (Fig. 1f) . As in the observations, the significant cooling anomalies are enhanced over North America and Eurasia in the simulation; however, the magnitude of the simulated cooling (with a value of about 20.48C) is slightly weaker compared with the observations. The observed and simulated patterns of precipitation anomalies in the first summer after the three volcanic eruptions are shown in Fig. 2 . Besides the tropical western Pacific, southern North America, and parts of the North Pacific, most of the significant negative precipitation anomalies are seen in the SH in the first summer after the Agung eruption in the observations (Fig. 2a) . The simulation exhibits significant negative precipitation anomalies in the tropical Indian Ocean (Fig. 2b) . The simulated negative precipitation anomalies in the SH are comparable to those in the observations. This further indicates that the Agung aerosols impact more in the SH than in the NH. The observations exhibit significant negative precipitation anomalies in the highlatitude European continent and North America in the first summer after the El Chichón eruption (Fig. 2c) , which are not evident in the simulation (Fig. 2d) . Parts of the regions in the SH are characterized by significant negative precipitation anomalies in both the observations and the simulation. In the first summer after the Pinatubo eruption (Fig. 2e) , the precipitation shows significant negative anomalies in the tropical Atlantic Ocean and the Maritime Continent regions, with a maximum of the negative anomalies of up to 21.5 mm day
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. The Eurasian Arctic and the high latitudes of North America also feature negative precipitation anomalies. Significant positive precipitation anomalies are seen in the tropical Pacific Ocean in the observations. In the simulation (Fig. 2f) , the precipitation features significant negative anomalies in the tropical and extratropical FIG. 1. Spatial patterns of global SAT anomalies (8C) in the first summer (JJA) after the eruptions of (a),(b) Agung, (c),(d) El Chichón, and (e),(f) Pinatubo for (left) the observations (based on GISTEMP) and (right) the MPI-ESM simulation. The climatology is calculated by taking the prior 5 yr, skipping the volcanic eruption year and 2 yr after, and then using the next 5 yr. The regions shaded by black dots denote areas that are significant at the 5% level based on the statistical test on the assumption of normal distribution.
Pacific Ocean as well as in the Maritime Continent region. The differences in the observed and simulated tropical SST patterns lead to the large discrepancy in the tropical Pacific Ocean precipitation anomalies between the simulation and the observations (not shown). It should also be noted that there are significant positive precipitation anomalies in the Caribbean after the 1963 Agung eruption and the 1991 Pinatubo eruption in the simulation, which may be due to the significant convergence of the anomalous water vapor transport after both eruptions.
The observed and simulated patterns of SAT anomalies over China in the first summer after the three volcanic eruptions are further shown in Fig. 3 . The observed patterns are from the 753-station temperature dataset of CMA. The observations show a significant cooling pattern over China in the first summer after the Agung eruption, except for parts of northwest and southwest China (Fig. 3a) . Cooling anomalies with amplitudes between 20.2 and 20.48C are seen over the whole of China in the simulation (Fig. 3b) . There are significant cooling anomalies with amplitudes of up to 20.88C over central China in the first summer after the El Chichón eruption, while warming anomalies are seen in south and north China (Fig. 3c) . The pattern of the simulated SAT anomalies corresponds well with that of the observation; however, the amplitude of the cooling anomalies over central China (20.28C) is much weaker than in the observations (Fig. 3d) . The observations show an overall cooling pattern with an amplitude of about 20.68C after the Pinatubo eruption, except for slight warming anomalies in southwestern China (Fig. 3e) . Consistent cooling anomalies are seen after the Pinatubo eruption in the simulation (Fig. 3f) . The pattern correlations of the observed and simulated SAT patterns over China in the first summer after the three volcanic eruptions are 0.4, 0.48, and 0.55, respectively. The precipitation anomalies over China in the first summer after the Agung, El Chichón, and Mount Pinatubo   FIG. 3 . Spatial patterns of SAT anomalies (8C) over China in the first summer after the eruptions of (a),(b) Agung, (c),(d) El Chichón, and (e),(f) Pinatubo for (left) the observations (based on the 753-station dataset from the Chinese Meteorological Administration) and (right) the MPI-ESM simulation. The climatology is calculated by taking the prior 5 yr, skipping the volcanic eruption yr and 2 yr after, and then using the next 5 yr. The regions shaded by black dots denote areas that are significant at the 5% level based on the statistical test on the assumption of normal distribution. 7400 eruptions are shown in Fig. 4 . The observed precipitation anomaly patterns are from the 753-station dataset of CMA. The observed precipitation decreases in southern China and the lower Yangtze River valley but increases over northern China in the first summer after the Agung eruption (Fig. 4a) . The simulated precipitation anomalies over eastern China show a large discrepancy with the observations (Fig. 4b) . Deficient precipitation is evident over northern China, while excessive precipitation is seen south of the Yangtze River valley. The anomalies of precipitation FIG. 4 . Spatial patterns of summer precipitation anomalies (mm day 21 ) over China in the first summer after the eruptions of (a),(b) Agung, (c),(d) El Chichón, and (e),(f) Pinatubo for (left) the observations (based on the 753-station dataset from the Chinese Meteorological Administration) and (right) the MPI-ESM simulation. The climatologies are calculated by taking the prior 5 yr, skipping the volcanic eruption yr and 2 yr after, and then using the next 5 yr. The regions shaded by black dots denote areas that are significant at the 5% level based on the statistical test on the assumption of normal distribution.
exhibit a meridional tripolar pattern in the observations in the first summer after the El Chichón eruption (Fig. 4c) . Deficient precipitation is evident over northern and southern China, while excessive precipitation is seen along the Yangtze River valley. While the rainfall anomalies exhibit a coherent reduction over eastern China in the simulation (Fig. 4d) . The observed precipitation anomalies decrease over eastern China, except for the southeast coastal area, in the first summer after the Pinatubo eruption (Fig. 4e) . However, the simulated precipitation anomalies exhibit drought in central and south China and excessive rainfall in north China (Fig. 4f) . To explain the large discrepancy between the simulated and the observed precipitation anomalies over eastern China, the tropical sea surface temperature (SST) patterns, which may be dominant in this region, are compared (not shown). The observations show strong El Niño phases after the eruptions of El Chichón and Pinatubo, while the model fails to reproduce the positive eastern tropical Pacific SST anomalies, although an increase of the probability of El Niño events after volcanic eruptions is detected in reconstructions (Adams et al. 2003) . The different ENSO state could be highly relevant for the discrepancy between the simulated and the observed rainfall patterns over eastern China. Overall, the model has a certain ability to reproduce the responses of summer temperatures and precipitation to volcanic eruptions based on the observations, but there are also strong dissimilarities between the simulation and the observations. The differences of the ENSO state may, in part, determine the discrepancies between the simulated and the observed temperature and precipitation anomalies, especially in the region of East Asia. The faithful verification of the model's performance provides a foundation for the following analysis.
b. Temperature and precipitation responses to the 21 cases of large volcanic eruptions
To determine the presence or absence of a volcanic forcing signal, we conducted a superposed epoch analysis (SEA; Haurwitz and Brier 1981) to assess if there is a statistically significant reduction in summer temperature and precipitation during and after the volcanic eruption years. The SEA results of global-mean summer SAT and precipitation anomalies for the 21 cases of large volcanic eruptions in the five prevolcanic eruption years, volcanic eruption year, and five postvolcanic eruption years are shown in Fig. 5 . There is a peak global cooling during the volcanic eruption year and two years after, after which the SAT slowly returns to preeruption levels (Fig. 5a) . The largest reduction of the SAT anomalies appears in the year after the volcanic eruption. The precipitation also significantly decreases during the volcanic eruption year and the two years after and returns to normal conditions thereafter (Fig. 5b) . This temporal development of the precipitation response to large volcanic eruptions is similar to that revealed by modeled and observed tropical precipitation (Robock and Liu 1994) and global precipitation (Gillett et al. 2004) .
The global pattern of SAT and precipitation anomalies in the first summer after the 21 large volcanic eruptions are shown in Fig. 6 . Cooling anomalies in the first summer after large volcanic eruptions are seen on a nearly global scale (Fig. 6a) . The cooling anomalies are significantly enhanced over Eurasia and North America, with a maximum of about 20.88C. The global-mean SAT anomalies are 20.588C after the significance test based on the 5% significance level derived from 1000 Monte Carlo simulations. The cooling in the extratropical NH (20.468C) is stronger than in the extratropical SH (20.198C) and is stronger over the continents (20.438C) than over the ocean (20.248C). The polar-amplification phenomenon of the SAT anomalies after large volcanic eruptions is most evident in the NH. This response is consistent with previous findings that a global cooling is seen after the volcanic eruptions and that the cooling is most evident over the middle-to-high latitude continent regions (Li et al. 1996) .
The precipitation anomaly patterns in the first summer after large volcanic eruptions are shown in Fig. 6b . The simulation exhibits the strongest precipitation response in the tropics and subtropics. Significant negative precipitation anomalies are seen in the tropics, including the tropical Indian Ocean, the tropical western Pacific, the tropical eastern Pacific, and the tropical Atlantic Ocean. There are significant positive precipitation anomalies in the tropical central Pacific. The simulated tropical SST patterns in the first summer after large volcanic eruptions could be a reason for the tropical precipitation patterns. Negative SST anomalies are seen in the western tropical Pacific (not shown), which will lead to negative precipitation anomalies adjacent to the west coast of the Philippines. The heating associated with deficient precipitation further favors the upward motion in the central tropical Pacific and leads to positive precipitation anomalies there. In addition to the tropical precipitation patterns, negative precipitation anomalies are also seen in the middle-to-high latitude continent regions. The precipitation responses to large volcanic eruptions are consistent with previous findings that negative precipitation anomalies are seen in many regions after large eruptions, such as in the tropics (Robock and Liu 1994) and the central and eastern parts of North America (Portman and Gutzler 1996) .
The temporal patterns of summer SAT and precipitation anomalies over eastern China for the 21 cases of large volcanic eruptions in the five prevolcanic eruption years, volcanic eruption year, and five postvolcanic eruption years are further shown in Fig. 7 . The largest reduction of the SAT anomalies over eastern China appears in the volcanic eruption year and the year after (Fig. 7a) . A statistically significant reduction in summer precipitation is also indicated beginning in the same year as the eruption and persisting for 1-2 more years (Fig. 7b) . This temporal pattern in the response of summer precipitation to large volcanic eruptions is similar to that revealed by Peng et al. (2010) , who also suggested a reduction of summer precipitation after large volcanic eruptions. The SAT and precipitation anomaly patterns over East Asia in the first summer after the 21 large volcanic eruptions are shown in Fig. 8 . Significant cooling anomalies are seen over East Asia after large volcanic eruptions (Fig. 8a) . The cooling over the middle-to-high latitudes of East Asia is stronger than over the tropical ocean, which suggests a reduced land-sea thermal contrast. Anomalies of 850-hPa winds in the first summer after large volcanic eruptions indicate that East Asia is dominated by northerly wind anomalies, which correspond to a weaker EASM (Fig. 8b) . The corresponding summer rainfall anomalies exhibit a coherent reduction over all of eastern China, with a significant reduction center in central eastern China (Fig. 8b) . Our results are consistent with proxy data analysis that low-latitude volcanic eruptions might lead to coherent droughts over eastern China (Shen et al. 2008 ). Thus, it seems reasonable to conclude that volcanic eruptions play a role in the drought in eastern China.
c. Attribution of monsoon circulation changes
The water vapor transport is crucial to monsoon rainfall (Zhou and Yu 2005) . There are three main branches of climatological 850-hPa water vapor transport to East Asia (Fig. 9a) : a strong transport by the southwesterlies from the Indian monsoon, a moderate transport by the Southeast Asian monsoon from the western Pacific, and a weak transport of cross-equator flow straddling 1058-1508E. Anomalies of summer 850-hPa water vapor transport after the volcanic eruptions are shown in Fig. 9b . The anomalous water vapor transport by both the southwesterlies from the Indian monsoon and the southeasterlies from the western Pacific are significantly negative; added to the anomalous northerly winds over East Asia, this contributes to significantly reducing the northward transport of tropical water vapor to northern China. This leads to deficient rainfall over eastern China after large volcanic eruptions. The study by Peng et al. (2010) suggested that the reduction of summer precipitation over eastern China can be attributed to the decrease of the latent heat flux and thus the evaporation over tropical oceans, which was the main moisture source of summer precipitation over eastern China. The significance of our results indicates that the drought is mainly due to the weakening of the summer monsoon circulations. The land-sea thermal contrast change could be used to explain the monsoon response to large volcanic eruptions. The tropospheric mean temperature is a reasonable indicator of thermal contrast change (Zhou and Zou 2010) . The tropospheric mean (200-500-hPa average) temperature anomalies after large volcanic eruptions are shown in Fig. 10 . Significant cooling anomalies with amplitudes of up to 20.88C are seen over East Asia (Fig. 10a) , which are stronger than the cooling anomalies in the tropical western Pacific and extratropical North Pacific. The meridional temperature gradient (MTG) further indicates that the magnitude of the cooling anomalies in the middle-to-high latitudes is significantly stronger than in the lower latitudes (Fig.  10b) . This anomaly pattern suggests a reduced land-sea thermal contrast and favors a weaker EASM circulation after large volcanic eruptions.
The corresponding structures at vertical cross sections are shown in Fig. 11 in order to give a clear picture of both the zonal and the meridional land-sea thermal contrast change. The zonal land-sea thermal contrast along 308-458N depicted by the height-longitude cross section exhibits cooling anomalies in the middle-to-upper troposphere after large volcanic eruptions (Fig. 11a) . Significantly cooler anomalies with a maximum of 20.88C are seen over Eurasia extending from 908 to 1358E. The magnitude of the cooling anomalies over the ocean is much weaker than over the land. This anomaly pattern indicates that the zonal land-sea thermal contrast decreases significantly after large volcanic eruptions.
The height-latitude cross section measuring the meridional land-sea thermal contrast also exhibits cooling anomalies in the middle-to-upper troposphere after large FIG. 10 . Composite means of (a) the middle-to-upper tropospheric mean (500-200 hPa) temperature anomalies (8C) and (b) the MTG in the first summer after the 21 large volcanic eruptions. The climatology is calculated by taking the prior 5 yr, skipping the volcanic eruption year and 2 yr after, and then using the next 5 yr. The regions shaded by black dots denote areas that are significant at the 5% level derived from 1000 Monte Carlo simulations. volcanic eruptions (Fig. 11b) . The ''colder land'' is significantly evident with a maximum cooling of 20.88C below 200 hPa extending from 408 to 608N. The magnitude of the negative temperature anomalies over the ocean is much weaker than over the land; thus, the meridional land-sea thermal contrast is evident and favors a weaker summer monsoon.
The change in the radiative fluxes at the top of the atmosphere (TOA) characterizes the change in the energy input into the whole climate system. Figure 12 shows the spatial patterns in the radiative fluxes after large volcanic eruptions. There are significant reductions in both the absorbed shortwave radiation and the emitted longwave radiation. The reduction in the emitted longwave radiation after large volcanic eruptions could be due to the changed total cloud coverage (not shown). The reduction of the shortwave radiation reached its largest value of more than 28 W m 22 in the first summer after large volcanic eruptions (Fig. 12a) , while the longwave radiation reduction was much weaker than in the shortwave radiation, with about a 24 W m 22 reduction in the model (Fig. 12b) . The reductions in the shortwave radiation are nearly twice as large as the reduction in emitted longwave radiation, a net loss of radiative energy that cools the surface and lower troposphere. The results indicate that the shortwave forcings from volcanic eruptions exert a large influence on the temperature and precipitation changes.
Summary and discussion

a. Summary
Responses of summer temperatures and precipitation to large volcanic eruptions are analyzed by using the millennial simulations with the MPI Earth System Model. The main results are summarized below: 1) A statistically significant reduction in summer temperature and precipitation is indicated beginning in the volcanic eruption year and persisting for 1-2 more years. Cooling anomalies in the first summer after large volcanic eruptions are seen on a nearly global scale. The cooling in the NH is stronger than in the SH and is stronger over the continents than over the ocean. 2) Significant surface cooling anomalies are seen over East Asia after large volcanic eruptions, especially in the middle-to-high latitudes of East Asia. East Asia is dominated by northerly wind anomalies, which correspond to a weaker EASM. The summer rainfall exhibits a coherent reduction over eastern China, with a significant reduction center located in central eastern China.
3) The water vapor transport is crucial to monsoon rainfall. The anomalous water vapor transport by both the southwesterlies from the Indian monsoon and the southeasterlies from the western Pacific are significantly negative; added to the anomalous northerly winds over East Asia, this contributes to significantly reducing the northward transport of tropical water vapor to northern China. The results indicate that the weakening of the monsoon circulation leads to deficient rainfall over eastern China after large volcanic eruptions. cooling anomalies in the middle-to-high latitudes is significantly stronger than in the lower latitudes. This anomaly pattern suggests a reduced land-sea thermal contrast and favors a weaker EASM circulation after large volcanic eruptions. 5) The corresponding structures at vertical cross sections are further analyzed to describe both the zonal and the meridional land-sea thermal contrast change. Both structures exhibit significantly colder land after large volcanic eruptions, while the magnitude of cooling anomalies over the ocean is much weaker. This suggests a reduced zonal and meridional landsea thermal contrast and favors a weaker summer monsoon circulation. 6) The analysis of the radiative fluxes at TOA suggests that the reductions in the shortwave radiation after large volcanic eruptions are nearly twice as large as the reduction in emitted longwave radiation, a net loss of radiative energy that cools the surface and lower troposphere.
b. Discussion
As in previous studies, we find that volcanic eruptions do not result in globally or even regionally uniform summer cooling (Schneider et al. 2009; Anchukaitis et al. 2012) , and the state of the ENSO system may, in part, determine the sign and magnitude of the resulting temperature anomalies (Zhang et al. 2013) . In this study, the model fails to reproduce the observed El Niño events after the volcanic eruptions, which lead to the large discrepancy between the simulated and the observed temperature and precipitation patterns. The occurrence of El Niño events after large volcanic eruptions is supported by simulations employing the simplified Zebiak-Cane model of the tropical Pacific coupled ocean-atmosphere system (Mann et al. 2005) . However, most GCM simulations fail to reproduce the occurrence of El Niño events after large volcanic eruptions, because the GCMs may not capture all of the important oceanatmosphere dynamics (Anchukaitis et al. 2010) . Thus, simulations where the model is adjusted to the observed ENSO state are needed in future study.
Explosive volcanism is an important radiative forcing factor of climate over Asia. Anchukaitis et al. (2010) used well-dated proxy reconstructions of Asian droughts to detect the influence of volcanic radiative forcing on the hydroclimate of the region. The analysis reveals significantly wetter conditions over mainland Southeast Asia in the year of an eruption, with drier conditions in central Asia. However, several GCMs suggest nearly opposite-signed event year anomalies in these regions compared to the paleoclimate data. This disagreement suggests that the GCMs do not correctly capture the coupled ocean-atmosphere processes involved in the response of the Asian climate to radiative forcing. Zhang et al. (2013) assessed the cooperative effects and impacts of volcanic eruptions and ENSO events in MPI-ESM ensemble climate simulations and compared it with reconstructions in East Asia. The results also indicated that the coldness and drought over eastern China depends crucially on the ENSO state of the coupled model. However, the simulated occurrence of El Niño events is not significantly increased after volcanic eruptions. The result appears to be in disagreement with reconstructions (Adams et al. 2003) . The disagreements also provide important clues toward further refinement of the climate models in future work.
It should also be noted that there are strong warming anomalies in the higher levels of the troposphere at the vertical cross sections of the tropospheric temperature (Fig. 11) . What is the reason responsible for the warming here? As we all know, the volcanic eruptions inject a large amount of particles and gases into the stratosphere, and these stratospheric aerosols reflect the radiation from the Sun, thus cooling the troposphere. Furthermore, these stratospheric aerosols can also absorb both solar nearinfrared and outgoing longwave radiation, which in turn will lead to a warming of the stratosphere (Robock 2000) . In the model simulation, however, the climatological mean tropopause locates in 200-150 hPa over East Asia (not shown). The higher levels of the troposphere in Fig. 11 are, in fact, the stratosphere in the model. The stratospheric aerosols can thus lead to strong warming anomalies after large volcanic eruptions.
